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We had previously reported that in gastrulating mouse embryos retinoic acid (RA) induces morphological as well molecular
alterations strictly depending on the time of administration. In particular, embryos treated with RA at the mid±late streak
stage share reduction of the rostral central nervous system (CNS) and increase of the hindbrain. In the same embryos, loss
of the forebrain-expressed genes, such as Emx1, Emx2, and Dlx1, and rostral ectopic expression of the Hoxb-1 gene suggest
an antero-posterior (A/P) ordered repatterning of the fore-, mid-, and hindbrain regions. Several genes, such as Pax-2, Wnt-
1, En-2, and En-1, are involved in the establishment of midbrain and rostral hindbrain regional identities and boundaries.
We report that these genes become coordinately anteriorized only in embryos treated with RA at the late streak stage.
Moreover, in the hindbrain of the same embryos, at 8.5 days post coitum (dpc), Wnt-1 and Pax-2 are rostrally induced all
along the neural plate. Considering that forebrain markers are repressed in embryos treated with RA at the same time,
these ®ndings strongly support the idea that RA administration at the late streak stage induces an ordered repatterning of
the rostral CNS, possibly altering the A/P nature of mesendodermal inductive signals. q 1996 Academic Press, Inc.
INTRODUCTION the mid±late streak stage corresponding to 7.2±7.4 days
post coitum (dpc) induces loss of forebrain morphological
identities as well as molecular identities, suggesting anAxial patterning of the central nervous system (CNS) is
antero-posterior (A/P) ordered repatterning affecting the ros-strongly affected by retinoids, naturally occurring deriva-
tral CNS. We had interpreted this dramatic effect as a conse-tives of vitamin A with pleiotropic effects on development
quence of a corresponding transformation in the nature ofand cell differentiation (Thaller and Eichele, 1987, 1990;
the signals emitted from the node and anterior-most mesen-Durston et al., 1989; Summerbell and Maden, 1990; Tabin,
dodermal node-derived cells. This interpretation is mainly1991; Pijnappel et al., 1993). Retinoids are present at active
based on the early and strong alteration in the expressionconcentrations in embryonic structures with a proven role
pattern of Otx2. In fact, RA administration at the mid±latein pattern formation, such as the zone of polarizing activity
streak stage induces early Otx2 repression in the anterior(Thaller and Eichele, 1987, 1990), Hensen's node (Chen et
mesendoderm and posterior head fold, indicating a perturba-al., 1992; Hogan et al., 1992), and the ¯oor plate of the
tion in cell identity of the ventral anterior mesendodermneural tube (Wagner et al., 1990, 1992). However, no proven
and anticipating the consequent rostral brain reduction inrole has so far been described for retinoids in normal murine
the neuroectoderm (Simeone et al., 1995). Additional evi-anterior CNS development.
dence has been collected in the chick and again in theTo investigate early morphogenetic events of brain devel-
mouse (Ang et al., 1994; Bally-Cuif et al., 1995b). Elegantopment, we previously studied, both at the morphological
transplantation experiments in gastrulating mouse embryosand molecular levels, alterations induced by retinoic acid
indicate that a positive signal from the anterior mesendo-(RA) administration in gastrulating mouse embryos (Sim-
derm is required to induce and stabilize Otx2 expression ineone et al., 1995). In our analysis we had distinguished dif-
the surrounding ectoderm (Ang et al., 1994). Moreover,ferent morphogenetic RA effects depending on the stage of
Otx2 0/0 embryos fail to induce correctly the rostral neu-drug administration. The early RA effect (administration at
roectoderm, resulting in embryos carrying forebrain, mid-
brain, and rostral-most hindbrain deletions when observed
at 9.5 dpc (Acampora et al., 1995; Matsuo et al., 1995).1 To whom correspondence should be addressed. Fax: 39/81/
5936123 or 7257202. E-mail: simeone@iigbna.iigb.na.cnr.it. However, loss of forebrain molecular and morphological
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landmarks may be due to a profound nonmorphogenetic In Situ Hybridization on Sections and Whole-
Mount EmbryosRA effect on the cell identity of the rostral neuroectoderm.
Therefore, RA-ordered repatterning of the neuroectoderm
For each RA administration (7.4 and 7.8 dpc) 45 embryos were
requires contemporary loss of forebrain entities and gain of analyzed by in situ hybridization at 8.5 dpc and with varying num-
those de®ning posteriorly adjacent regions. Pax-2 (Puschel bers of embryos (10±20) at 10.5 dpc. The control embryos were
et al., 1992; Rowitch and McMahon, 1995), Wnt-1 (Wilkin- analyzed at 8.5 and 10.5 dpc. In situ hybridization was carried out as
son et al., 1987; Bally-Cuif et al., 1992; Rowitch and McMa- described by Wilkinson and Green (1990) with minor modi®cations
hon, 1995), En-1 (McMahon et al., 1992; Rowitch and (Simeone et al., 1995). Whole-mount in situ hybridization was per-
formed as described by Wilkinson (1992). Varying numbers of em-McMahon, 1995), and En-2 (Davis and Joyner, 1988; Bally-
bryos (10±15) for the control and each of the RA treatments wereCuif et al., 1992) ful®ll the requirements of good markers
analyzed in whole-mount in situ hybridization experiments.for testing previous hypotheses. Furthermore, Wnt-1, En-1,
and, to a lesser extent, En-2 are required for correct determi-
nation and development of the mesencephalon and
RESULTS AND DISCUSSIONpresumptive cerebellum (McMahon and Bradley, 1990;
Thomas and Capecchi, 1990; Joyner et al., 1991; Wurst et
First we compared at 8.5 and 10.5 dpc, the Wnt-1, En-2,al., 1994). A possible role of Pax-2 has recently been sug-
and Otx2 expression patterns of the untreated and RA-gested for the activation of Wnt-1 and En-1 (Rowitch and
treated embryos, respectively, at the late streak (7.4 dpc)McMahon, 1995).
and 0±1 somite stages (7.8 dpc) (Simeone et al., 1995; seeWe report the Pax-2, Wnt-1, En-1, and En-2 expression
also Materials and Methods). To better assess the molecularanalysis on embryos treated with RA at 7.4 dpc (late streak
and morphological alterations revealed by En-2 and Wnt-1,stage) and 7.8 dpc (0±1 somite stage). Their expression pat-
we then studied at 8.5 dpc the Pax-2 and En-1 gene expres-terns are compared with that of Otx2, indicating altogether
sion in the untreated and RA-treated embryos.a coordinate anteriorization only in embryos treated with
RA at the late streak stage. These data and previous results
(Simeone et al., 1995) indicate that RA induces an ordered Otx2, Pax-2, En-1, Wnt-1, and En-2 Arestage-speci®c repatterning of the rostral neuroectoderm, Coordinately Anteriorized in Embryos Treatedpossibly altering antero-posteriorly morphogenetic signals with RA at the Late Streak Stage (7.4 dpc)during the regionalization process.
In untreated 8.5- and 10.5-d.p.c. embryos, Otx2, Wnt-1,
and En-2 are expressed as previously described (Figs. 1A±
1C, 2A±2C, and 3A±3C) (Wilkinson et al., 1987; Davis andMATERIALS AND METHODS
Joyner, 1988; Bally-Cuif et al., 1992; Simeone et al., 1992;
Rowitch and McMahon, 1995). However, it should be noted
Retinoic Acid Administration that in our analysis (i) the posterior border of Wnt-1 in the
presumptive midbrain is coincident with that of Otx2 (com-Retinoic acid administration is performed exactly as previously
pare A with B in Figs. 1, 2, and 3) and (ii) the rostral hind-reported (Simeone et al., 1995): CD1 mice are mated between 6 PM
and 11 PM and then scored for the presence of the vaginal plug; 12 brain never expresses Wnt-1 (Figs. 1B, 2B, and 3B). Con-
AM of the next day is considered 0.5 dpc. At 7.4 and 7.8 dpc all- versely, in midsagittal sections of 8.5-dpc embryos treated
trans-retinoic acid (Sigma) (25 mg/ml in dimethylsulfoxide) was with RA at 7.4 dpc, Wnt-1 expression is clearly anteriorized,
diluted 1/10 in vegetable oil just before use and 0.2 ml was delivered invading the rostral-most neuroectoderm destined to de-
by gavage for a ®nal dose of 20 mg/kg of maternal body weight. velop into the forebrain (open arrow in Figs. 1E and 1H).
Control mice were administered the same mixture without RA. The Wnt-1 expression pattern described on embryo sections
is also complemented by in situ hybridization experiments
on whole-mount embryos (data not shown). Whole-mountPreparation of RNA Probes Used in in Situ in situ hybridizations on 8.5-dpc embryos, RA treated at 7.4Hybridization dpc, con®rm that Wnt-1 is expressed all along the presump-
tive hindbrain where a marked increase in its lateral-mostOtx-2, Wnt-1, Pax-2, En-1, and En-2 probes correspond to the
following fragments: Otx2 is the same as described in Simeone et area appears and along the anterior-most neuroectoderm in
al. (1992); Wnt-1, Pax-2, and En-1 are RT±PCR ampli®ed products the medial and latero-ventral areas (data not shown). At
spanning regions between amino acids 47 and 352, 325 and 518, 10.5 dpc, embryos treated with RA at the same time con®rm
and 3 and 183, respectively. Wnt-1 anteriorization (Figs. 2E and 2H) but do not express
En-2 is a cDNA-derived fragment provided by Dr. Rosa Magda Dlx1, Emx1, or Emx2 either at 8.5 or 10.5 dpc (Simeone et
Alvarado-Mallart. Transcription reactions (Riboprobe Kit, Promega al., 1995; data not shown). A few exceptions are represented
Biotec) were carried out in the presence of [35S]CTP (Amersham) as
by a small percentage of embryos showing a relatively lesspreviously described (Simeone et al., 1995). The probes were then
dramatic phenotype and expressing only Emx2 (Simeone etdissolved at a working concentration of 1 1 105 cpm/ml in hybrid-
al., 1995). Embryos belonging to this group do not expressization mix (Wilkinson and Green, 1990). The Wnt-1 single-
Wnt-1 in the rostral-most neuroectoderm both at 10.5 (Fig.stranded digoxigenin-UTP labeled (Boehringer Mannheim) RNA
probe was performed as described by Wilkinson (1992). 2K) and 8.5 dpc (Fig. 4L). However, since their presumptive
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FIG. 1. Otx2 (A, D, G, and J), Wnt-1 (B, E, H, and K), and En-2 (C, F, I, and L) expression in 8.5-dpc midsagittal adjacent sections of
control (A±C) and RA-treated embryos, respectively, at 7.4 (D±I) and 7.8 dpc (J±L). Bright ®elds of corresponding sections are labeled with
a prime (* ). Filled arrows in B, E, H, and K and arrowheads in C and L point to the position corresponding to the posterior border of Otx2.
Open arrows in B, E, H, and K point to the presumptive forebrain region. fb, mb, and hb indicate, respectively, the forebrain, midbrain,
and hindbrain; fg is the foregut.
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forebrain is strongly reduced (Fig. 2K), they could represent Pax-2 and En-1 domains overlap and include the posterior
border of Wnt-1 (open arrow in Figs. 4F, 4I, and 4L; ®lledexamples of a partial A/P repatterning of brain territories
(see below and Fig. 5). On the other hand, En-2, which arrow in Fig. 4F and compare Fig. 4K to Fig. 4L). However,
although it is relatively easy to attribute molecular identi-should identify at 8.5 dpc (6±8 somite stage) the region
including the rostral hindbrain and the posterior midbrain, ties to mes-metencephalic areas, it is not so easy to do so
for the rostral-most region. In fact, since Pax-2 is expressedis undetectable in 8.5-dpc embryos treated with RA at 7.4
dpc (Figs. 1F, 1I, 3F, and 3I) but is transcribed and anteri- at this stage in the forebrain of the control embryos, we
cannot conclude that its rostral-most expression in 7.4-dpcorized at 10.5 dpc according to the posterior borders of Otx2
and Wnt-1 (Figs. 2F, 2I, and 2L). Otx2, as previously reported RA-treated embryos corresponds to its mesencephalic ex-
pression. However, the Wnt-1 expression in the same do-(Simeone et al., 1995), always shows a retraction of its poste-
rior border (Figs. 1D, 1G, 2D, 2G, and 2J). It is noteworthy main (Fig. 4F) and the contemporary absence of Emx2 at
the same stage and of Emx1 and Dlx1 slightly later (Simeonethat the new posterior border of Otx2 is coincident with
that of Wnt-1 (compare Figs. 1D and 1G with 1E and 1H et al., 1995) supports the possibility that the forebrain terri-
tory has been repatterned, at least in part, thus acquiringand Figs. 2D, 2G, and 2J with 2E, 2H, and 2K). However,
the failure to detect En-2 transcripts in 8.5-dpc embryos more posterior molecular values. A more lateral series of
sections of the same embryo (Figs. 4G±4I) and an additionaltreated with RA at the late streak stage weakens the study
of early molecular events involved in the presumptive A/P example (Figs. 4J±4L) con®rm both anteriorization and co-
ordinate repatterning of the rostral-most regions. In thisrepatterning process suggested by Wnt-1. Wnt-1, Pax-2, and
En-1 expression patterns have been recently ®nely com- respect, it is worth noting that in the embryo shown in Fig.
4J*, Wnt-1 anteriorization is not complete (Fig. 4L, see alsopared to de®ne possible regulatory interactions in the de®-
nition of the mes-metencephalic area (Rowitch and McMa- above). Furthermore, in these sections the posterior border
of the presumptive mes-metencephalic domain of Pax-2 canhon, 1995). Moreover, Wnt-1 involvement in the formation
of the mes-metencephalic boundary has further been only be deduced from that of En-1 (arrowheads in Figs. 4G±
4J, see also below).stressed by Bally-Cuif et al. (1995a). We, therefore, studied
the expression pattern of Wnt-1, Pax-2, and En-1 in 8.5-dpc These ®ndings indicate that RA administration at the
late streak stage induces an A/P repatterning process ofembryos treated with RA at 7.4 and 7.8 dpc (Fig. 4). At
8.5 dpc (6±8 somite stage), in control embryos, the En-1 the rostral CNS. In fact, anterior-most markers of the fore-
brain, such as Emx1, Emx2, and Dlx1, are repressed (Sim-expression domain includes the rostral-most hindbrain and
the posterior two-thirds of the mesencephalon (Fig. 4B) par- eone et al., 1995) and posterior markers of the mes-meten-
cephalic areas, such as Wnt-1, Pax-2, and En-1, are rostrallytially overlapping the Wnt-1 domain (open arrow in Fig.
4C). In the same embryo the Pax-2 expression domain en- activated in the region normally destined to give anterior
prosencephalic derivatives. Furthermore, since (i) the pos-compasses and includes in the presumptive mes-metence-
phalic area both the En-1 and the Wnt-1 expression domains terior border of Otx2 invariably coincides with that of
Wnt-1, (ii) the expression domains of Pax-2, En-1, and Wnt-(Fig. 4A). At this stage (6±8 somites) Pax-2 is also clearly
detectable in the neuroctoderm of the presumptive fore- 1 as well as their relative spatial relationships are main-
tained, and, ®nally, (iii) the En-2 expression domain, atbrain (Fig. 4A) and more posteriorly in the hindbrain at
the level of the otic region where Wnt-1 is also expressed least at 10.5 dpc, overlaps the posterior borders of Otx2
and Wnt-1, we deduce that their relative borders are pre-(Puschel et al., 1992; Rowitch and McMahon, 1995; data
not shown). served and propose that the repatterning observed is an
ordered phenomenon (Fig. 5).In midsagittal sections of 8.5-dpc embryos treated with
RA at 7.4 dpc Wnt-1 (Figs. 4F and 4I), En-1 (Figs. 4E and
4H), and Pax-2 (Figs. 4D and 4G) expression domains were
Wnt-1, Pax-2, En-1, En-2, and Otx2 Expression incoordinately anteriorized. Nevertheless, as previously
Embryos Treated with RA at the Early Somitepointed out for Otx2 and Wnt-1, also in this case the relative
Stage (7.8 dpc; 0±1 Somite Stage)boundary relationships are retained. Therefore, the poste-
rior boundary of Pax-2 matches that of En-1 (®lled arrow in At 8.5 dpc, in embryos treated with RA at 7.8 dpc (0±
1 somite stage), Pax-2 (Fig. 4M), Wnt-1 (Figs. 1K, 3K, 4O),Fig. 4E) but not that of Wnt-1 (®lled arrow in Fig. 4F); the
FIG. 2. Sagittal (A±O) and frontal (P±S) sections of 10.5-dpc control (A±C, P, and Q) and RA-treated embryos, respectively, at 7.4 (D±
L) and 7.8 dpc (M±O, R, and S). (A, D, G, J, M, P, and R), (B, E, H, K, N, Q, and S) and (C, F, I, L, and O) were hybridized to Otx2, Wnt-
1, and En-2, respectively. Bright ®elds of corresponding sections are labeled with a prime (*). The open arrows in B, E, H, K, and N, the
arrowheads in C, F, I, L, and O, and the ®lled arrows in D*, G*, K*, and N* point to the position corresponding to the posterior border of
Otx2 at the presumptive mid±hindbrain transition. The ®lled arrow in N points to the rostral-most expression of Wnt-1 in the presumptive
pretectal region. Arrowheads in P, Q, R, and S point to the Otx2 and Wnt-1 expression at the midbrain/hindbrain border in control (P
and Q) and 7.8-dpc RA-treated embryos (R and S); ®lled arrows in Q and S point to the Wnt-1 expression in the roof of the midbrain (Q)
which is split into two lateral narrow stripes in 7.8-dpc RA-treated embryos (S). The large open arrow in E points to a nonspeci®c signal.
In B* and N* the open arrows indicate the plane of sections Q* and R*, respectively. Abbreviations are as in the legend to Fig. 1.
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FIG. 3. Otx2 (A, D, G, and J), Wnt-1 (B, E, H, and K), and En-2 (C, F, I, and L) expression in 8.5-dpc parasagittal sections of control (A±
C) and RA-treated embryos at 7.4 (D±I) and 7.8 dpc (J±L), respectively. Bright ®elds of the same sections are labeled with a prime (* ).
Filled arrows in B, E, H, and K and arrowheads in C and L point to the position corresponding to the Otx2 posterior border. Open arrows
in B, E, H, and K point to the rostral hindbrain. Abbreviations are as in the legend to Fig. 1.
En-1 (Fig. 4N), and En-2 (Figs. 1L and 3L) are transcribed Emx2, Otx1, and Otx2 (Simeone et al., 1995; Figs. 1A, 1J,
3A, and 3J).in agreement with their normal expression domains (Figs.
1B, 1C, 3B, 3C, 4B, and 4C) as previously described for At 10.5 dpc, embryos treated with RA at the early-somite
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stage (0±1 somite) are characterized by strong morphologi- retains its expression in the rostral-most hindbrain (Figs.
4E, 4H, and 4K) as deduced from the Wnt-1 and Pax-2cal malformations of the fore±midbrain derivatives (Sim-
eone et al., 1995). Nevertheless, in these embryos, Wnt-1 domains, but En-2 is undetectable (Figs. 1F, 1I, 3F, and
3I). Since both Wnt-1 and En-1 genes are transcribed in(Figs. 2N and 2S), En-2 (Fig. 2O), and Otx2 (Figs. 2M and
2R) are expressed respecting their antero-posterior order and 7.4-dpc embryos treated with RA at the 0±2 somite stage
(data not shown), the absence of En-2 could not be attrib-identifying their regional domains. This is particularly evi-
dent for Wnt-1. In fact, comparing the morphology and ex- uted to a general effect of RA in delaying gene expression.
On the other hand, it has been proposed that in the chick,pression pattern of control (Figs. 2B, 2B*, 2Q, and 2Q*) and
7.8-dpc RA-treated embryos (Figs. 2N, 2N*, 2S, and 2R* ) it Wnt-1 may be involved in the regulation of En-2 (Bally-
Cuif et al., 1992) and it has been demonstrated that En-appears that, although the roof of the midbrain and the
pretectum are unfused, the dorsal expression of Wnt-1 ap- 1 is turned on and kept open at the early somite stages
in Wnt-1 0/0 mice mutants (McMahon et al., 1992), sug-pears split into two sharp narrow stripes laterally located
at the junction between the neuroectoderm and external gesting a more direct dependence of En-2 on Wnt-1. In
our experiments Wnt-1 is always expressed, but En-2 tran-squamous ectoderm (arrows in Fig. 2S). This ®nding con-
®rms that RA-induced alterations at 7.8 dpc, modifying the scription is selectively delayed only when RA is adminis-
tered at 7.4 dpc. We suggest that the failure to detect En-head shape, do not seem to alter qualitatively the regional
identities. However, since in the hindbrain of these embryos 2 transcripts in these embryos could be the consequence
of the coordinate alteration in the expression pattern ofa clear A/P transformation of rhombomeres 2/3 in 4/5 has
been described (Marshall et al., 1992; Wood et al., 1994; data many early regulatory genes acting at the level of mid±
hindbrain junction and in¯uencing negatively the activa-not shown), a more detailed analysis, possibly involving
additional markers, will be necessary to study this aspect tion of En-2. In this connection, it is to be noted that
preliminary results indicate that in 7.4-dpc RA-treatedin the fore±midbrain morphogenesis.
embryos, En-2 transcripts become detectable when Hoxb-
1 expression retracts from or weakens in the rostral-most
Pax-2, Wnt-1, En-1, and En-2 Expression in the hindbrain around 9±9.2 dpc (data not shown). Whatever
Hindbrain of RA-Treated Embryos the reason, at 10.5 dpc, En-2 is expressed in embryos
treated with RA at 7.4 and 7.8 dpc in a region includingPrevious morphological as well as molecular analyses
indicate that in a repatterning process the reduction or the posterior midbrain and the presumptive rostral-most
hindbrain (Figs. 2F, 2I, 2L, and 2O).deletion of the rostral forebrain should be balanced by a
posterior increase of the hindbrain (Conlon and Rossant,
1992; Marshall et al., 1992; Wood et al., 1994; Simeone
RA Administration Alters Rostral CNSet al., 1995). In this work we con®rm and extend this
Regionalizationobservation to Wnt-1 and Pax-2. At 8.5 dpc, in control
embryos, Wnt-1 and Pax-2 are never expressed, the former Our data indicate that RA administration at the late
streak stage results in a coordinate anteriorization ofin the rostral half of the hindbrain (large open arrow in
Fig. 3B, and Fig. 4C) and the latter in the region located Wnt-1 and En-2 at 10.5 dpc, already evident at 8.5 dpc
when Wnt-1, Pax-2, and En-1 become coordinately ex-between the ®rst rhombomere, where En-1 and En-2 are
expressed, and the otic region (Fig. 4; data not shown). pressed in the rostral-most neuroectoderm and along the
lateral plate of the hindbrain. We had previously demon-Conversely, in most of the 8.5-dpc embryos treated with
RA at 7.4 dpc, Wnt-1 and Pax-2 extend their posterior strated that RA administration at 7.4 dpc induces early
alterations in the expression pattern of Otx2 both in thedomain all along the lateral plate of the hindbrain and
fuse their posterior domain to the anterior domain as de- posterior head fold and in the anterior mesendodermal
cells. These early alterations are invariably accompaniedduced in parasagittal sections (Figs. 3E, 3H, 4G, 4I, and
4J). These results indicate that RA administration at 7.4 by loss of forebrain markers, posterior retraction of Otx2,
and ectopic expression of Hoxb-1 in the rostral hindbraindpc induces strong anteriorization of different genes ex-
pressed posteriorly in the hindbrain and belonging to as (Simeone et al., 1995). Additional evidence con®rms that
Otx2 may be a main actor in the induction and/or estab-many regulatory categories, such as Hoxb-1, Krox20,
Wnt-1, and Pax-2 (Conlon and Rossant, 1992; Marshall et lishment of the neural pattern (Ang et al., 1994; Acampora
et al., 1995; Pannese et al., 1995). Among these, one ofal., 1992; Wood et al., 1994; Simeone et al., 1995, and
this study). Furthermore, these ®ndings suggest that the the clearest stems from the analysis of Otx2 null mice
where a strong perturbation or a complete absence in theanterior rhombomeric identities (or organization) could
be altered. No alterations are observed in Wnt-1 or Pax- rostral neural pattern establishment occurs (Acampora et
al., 1995; Matsuo et al., 1995). Altogether, failure in in-2 expression patterns at 8.5 dpc in embryos treated with
RA at 7.8 dpc (Figs. 3K, 4M, and 4O). On the other hand, duction of the rostral neural pattern of Otx20/0 embryos
and RA-induced repatterning suggest that RA may act onEn-2 and En-1 are expressed in the rostral-most hindbrain
of the control (Figs. 1C, 3C, and 4B) and 7.8-dpc RA- the anterior mesendoderm not only by repressing Otx2
but also activating at the same time and in the same cellstreated embryos (Figs. 1L, 3L, and 4N) with the same pat-
tern, while in embryos treated with RA at 7.4 dpc, En-1 the posterior-most inducing signals.
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FIG. 5. Schematic representation showing the expression patterns of 10 regionally restricted genes in the pro-mes-met- and
myelencephalic regions of control and 7.4-dpc RA-treated embryos. To give a complete overview, the ®ndings of the present work
related to Pax-2, Wnt-1, En-1, and En-2 have been integrated into those previously reported (Simeone et al., 1995; and for Hoxb-1
also Conlon and Rossant, 1992; Marshall et al., 1992; Wood et al., 1994). In the control (A) are indicated the expression domains
at 8.5 and 10.5 dpc (only for Emx-1 and Dlx1). B and C indicate the newly established domains at 8.5 dpc in embryos treated with
RA at 7.4 dpc. B represents the expression patterns belonging to the large majority of embryos analyzed and showing the strongest
reduction of anterior-most neuroectoderm; C represents a relatively less severe phenotype corresponding to 15±20% of the embryos
treated at 7.4 dpc (Simeone et al., 1995; this work). In B, all the rostral-most markers, such as Emx2, Emx1, and Dlx1, are not
expressed, suggesting a large repatterning of the prosencephalic territory. Nevertheless, the rostral expression of Wnt-1 can be
ascribed to its domain in the future presumptive pretectal area in the posterior prosencephalon (gray rostral tip of the Wnt-1
domain). We cannot, therefore, de®ne these as embryos lacking completely the markers of the prosencephalon. Group C only lacks
the expression of Emx1 and Dlx1 but retains a small expression of Emx2 (Simeone et al., 1995 and data not shown) and the Wnt-
1 domain does not reach the rostral end of the presumptive prosencephalon. Since we found that at 8.5 dpc En-2 is undetectable
in 7.4-dpc RA-treated embryos, we report in the ®gure its expression domain at 10.5 dpc. pros, prosencephalon; mes1 and mes2,
mesencephalon neuromeres 1 and 2 (Davis et al., 1991); met, metencephalon; my, myelencephalon. The lateral triangles represent
the presumptive borders between prosencephalon, mesencephalic neuromeres, metencephalon, and myelencephalon; for Wnt-1 and
Pax-2 the hatched and gray areas de®ne their expression in the hindbrain; 10.5 dpc indicates the gestational day corresponding to
the pattern illustrated.
As summarized in Fig. 5, we now report that in em- direct interaction (to be proven) between forebrain and
midbrain genes (e.g., Emx-2 and Wnt-1) could take placebryos treated with RA at the late streak stage where the
forebrain markers (Dlx1, Emx2, and Emx1) are repressed and, on the other hand, ful®ls an essential point in the
repatterning process: loss of anterior markers should be(Simeone et al., 1995), the posterior-most markers of the
mes-metencephalic areas (Wnt-1, Pax-2, En-1, and En-2) accompanied by the gain of posterior markers in the same
area. Similar considerations can be made with regard tobecome coordinately anteriorized and expressed in the
area normally destined to develop forebrain derivatives. the hindbrain (Fig. 5). In conclusion, present and previous
data indicate that RA administration at the late streakOn one hand, this result suggests the possibility that a
FIG. 4. Pax-2 (A, D, G, J, and M), En-1 (B, E, H, K, and N), and Wnt-1 (C, F, I, L, and O) expression in 8.5-dpc sections of control (A±C)
and RA-treated embryos at 7.4 (D±L) and 7.8 dpc (M±O), respectively. Bright ®elds of the same sections are labeled with a prime (* ). Large
open arrows in A, C, D, F, G, I, J, L, M, and O point to the position corresponding to the En-1 anterior border. Filled arrows in B, C, E,
F, N, and O point to the position corresponding to the Pax-2 posterior border. Arrowheads in G and J suggest the position corresponding
to the posterior border of the mes-metencephalic domain of Pax-2 as deduced from the En-1 expression pattern. Finally, the ®lled arrows
in A*, D*, J*, and M* point to the presumptive mes-metencephalic junction and correspond to the posterior border of the Wnt-1 expression
domain. D* and G* represent the bright ®elds of two different series of sections belonging to the same embryos. Abbreviations are as in
the legend to Fig. 1.
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Hensen's node is a site of retinoic acid synthesis. Nature 359,stage, possibly altering regionalizing signals, induces an
237±241.ordered A/P repatterning of the rostral CNS. This may
Joyner, A. L., Herrup, K., Auerbach, B. A., Davis, C. A., and Rossant,result either in the deletion of the rostral-most forebrain
J. (1991). Subtle cerebellar phenotype in mice homozygous for aor in an ordered transformation of the forebrain into mid-
targeted deletion of the En-2 homeobox. Science 251, 1239±1243.brain and midbrain into hindbrain, which is increased in
Marshall, H., Nonchev, S., Sham, M. H., Muchamore, I., Lumsden,
size. A., and Krumlauf, R. (1992). Retinoic acid alters hindbrain Hox
code and induces transformation of rhombomeres 2/3 into 4/5
identity. Nature 360, 737±741.
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